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INTRODUCTION 


This  report  is  the  Second  Annual  Report  on  AFOSR  Contract  85-0126  "Funda¬ 
mental  Aspects  of  the  Structure  of  Supersonic  Turbulent  Boundary  Layers," 
monitored  by  Dr.  J.  McMichael.  The  contract  has  addressed  three  fundamental 
tasks.  In  Task  A,  the  structure  of  flat  plate  supersonic  turbulent  boundary 
layers  are  being  investigated  under  the  conditions  of  a  zero  pressure  gradient, 
and  under  conditions  of  a  mild  adverse  pressure  gradient.  In  Task  B,  longi¬ 
tudinal  curvature  effects  in  turbulent  boundary  layers  are  being  studied.  In 
particular,  a  detailed  investigation  is  being  made  of  the  relaxation  behavior 
of  a  subsonic  boundary  layer  downstream  of  a  short  region  of  strong  convex 
curvature.  As  a  result  of  the  work  performed  under  these  task  headings,  Task  C 
has  been  introduced  to  analyze,  investigate  and  control  the  behavior  of  simple 
wall-bounded  vortex  loops.  This  task  is  now  making  a  major  contribution  to  the 
understanding  of  the  ensemble-averaged  structure  obtained  in  both  the  low  and 
high  speed  turbulent  boundary  layers. 


TASK  A:  THE  STRUCTURE  OF  SUPERSONIC.  TURBULENT  BOUNDARY  LAYERS 


The  principal  aim  of  this  task  is  to  develop  a  physical  model  for  supersonic 
turbulent  boundary  layer  structure  which  can  be  used  as  the  basis  for  improved 
calculations  of  turbulent  flow.  The  current  effort  is  directed  towards  a  better 
understanding  of  the  large-scale  structures,  that  is,  the  energy-containing 
motions  in  the  fully  turbulent  region,  under  conditions  of  zero  and  adverse 
pressure  gradients. 

At  the  time  of  the  First  Annual  Report,  April,  1986,  the  presence  of 
"finger-like"  structures  in  a  zero  pressure  gradient  boundary  layer  had  been 
established.  They  were  inclined  at  about  45°  to  the  flow  direction,  they 
appeared  to  have  a  limited  spanwise  and  streamwise  extent,  and  they  were 
convected  downstream  for  considerable  distances  without  losing  their  identity. 
These  conclusions  were  based  on  measurements  taken  with  multiple  normal  hot¬ 
wire  probes,  multiple  wall-pressure  transducers,  and  high-contrast  schlieren 
photographs.  The  analysis  used  space-time  correlations  and  conditional  averag¬ 
ing  using  the  single-point  VITA  technique. 

Some  interesting  new  results  have  been  obtained  since  then: 

(a)  Eddy-angle  measurements 

Measurements  of  the  structure  angle  (derived  from  the  space-time  corre¬ 
lation  of  the  signals  from  two  parallel  wires)  have  been  obtained  for  an 
adverse  pressure  gradient  supersonic  layer  and  a  zero  pressure  gradient 
subsonic  layer.  In  the  supersonic  case,  the  initial  Reynolds  number  based  on 
momentum  thickness  R  was  about  82,000,  the  static  pressure  rose  by  a  factor 
of  1.9  in  a  distance  of  approximately  10  (£T  is  the  initial  boundary  layer 


thickness),  and  the  Mach  number  decreased  from  2.85  to  2.10  in  the  same 
distance.  In  the  subsonic  case,  R  was  much  lower,  and  it  was  equal  to 
approximately  5700.  The  results  for  the  subsonic  case  are  discussed  under  the 
heading  for  Task  B.  The  adverse  pressure  gradient  boundary  layer  results  of 
Fernando  and  Smits  (1987)  are  shown  in  Fig.  1  for  two  different  wire  separ¬ 


ations 


The  results  of  the  smaller  serration  wires 


--  0- 


09)  show  that 


the  incoming  boundary  layer  structure  angle  is  around  45°  over  most  of  the 
layer  with  a  decrease  in  angle  near  the  wall  and  an  increase  in  angle  near  the 
outer  edge  of  the  layer.  The  structure  angle  can  be  seen  to  increase  by 
approximately  5°  through  the  interaction.  Much  the  same  results  were  obtained 
with  the  larger  separation  wires  =  0.18)  although  the  structure  angles 

are  consistently  higher  by  around  5°.  These  angles  were  calculated  assuming  a 
convection  velocity  equal  to  the  mean  velocity  half-way  between  the  wires. 

The  data  have  recently  been  re-analyzed  assuming  a  fixed  (invariant  with  wall 
distance)  structure  convection  velocity  of  0.8  times  the  free-stream  velocity. 

The  differences  in  structure  angles  between  the  incoming  and  the  adverse 
presure  gradient  boundary  layers  were  found  to  be  slightly  smaller  and  of  the 
order  of  the  experimental  uncertainty. 

Two  additional  results  have  been  obtained  with  respect  to  the  eddy  angle. 
First,  by  using  VITA  to  detect  significant  events  on  one  wire,  and  examining 
the  simultaneous  signal  from  the  other  wire,  the  variance  of  the  eddy  angle  can 
be  determined.  Preliminary  results  have  shown  that  the  two  signals  typically 
have  a  correlation  coefficient  greater  0.95,  and  that  the  variance  is  of 
the  order  of  15°.  Second,  one  wire  was  placed  as  close  as  possible  to  the  wall, 


at  y ♦  60,  and  another  wire  was  traversed  through  the  layer.  This  method  of 
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measuring  eddy  angles  has  been  tried  by  others,  and  gives  very  low  angles 
throughout  the  layer,  of  order  15°  to  30°  (Brown  &  Thomas  1977,  Robinson  1986). 
Our  measurements  gave  similar  results.  As  pointed  out  by  Spina  &  Smite  (1986), 

'  cwever,  the  variation  of  convection  velocity  with  distance  from  the  wall  makes 
these  measurements  difficult  to  interpret,  and  they  appear  to  be  of  limited 
value.  Using  two  wires  placed  a  short  distance  apart  to  deduce  structure  angles 
is  physically  more  meaningful. 


(b)  Conditionally  Sampled  Results 


In  our  previous  work,  the  primary  basis  for  conditional  sampling  was 
the  VITA  technique,  and  it  was  applied  to  signals  from  a  normal  wire  which 
measures  mass-flow  fluctuations  i^u)\  The  ^7u)’  signal  was  converted  to  u* 
using  the  Strong  Reynolds  Analogy.  The  results  obtained  in  zero  pressure- 
gradient  high-Reynolds  number  supersonic  flows  agreed  well  with  similar  results 
from  subsonic,  low  Reynolds  number  flows.  However,  it  is  not  at  all  clear  what 
physical  meaning  can  be  attributed  to  the  events  detected  by  this  technique. 

The  interpretation  is  limited  by  the  fact  that  VITA  is  a  single  point  criter¬ 
ion,  applied  to  measurements  of  a  single  component  of  the  turbulent  fluctua¬ 
tions.  Our  current  emphasis,  therefore,  is  to  improve  the  detection  technique 
to  the  point  where  the  detected  events  can  be  given  a  more  complete  physical 
interpretation. 

We  have  already  found  that  the  VITA  technique  can  give  a  distorted  picture 
of  the  flow  structure.  The  primary  technique  which  has  allowed  this  critical 
interpretation  of  VITA  is  the  development  of  a  reliable  and  accurate  crossed- 
wire  probe,  capable  of  giving  signals  proportional  to  instantaneous  values  of 


u’,  v*  (and  u’v’  j  see  Fernando,  Donovan  &  Smits,  1987).  The  shear  stress 
signal  u’v’  is  highly  intermittent,  with  sharp  excursions  from  the  background 
level  (see  Fig.  2).  This  signal  is  extremely  suitable  for  conditional  sampling. 

A  simple  threshold  criterion  was  used  to  detect  the  events  which  make  the 
greatest  contribution  to  shear  stress  (threshold  =  2  u’v’).  These  events  are 
obviously  of  great  practical  interest.  Quadrant  analysis  was  used  to  classify 
the  u’v’  events  into  four  categories:  I  (u+,  v+),  II  (u-,  v+),  III  (u-,  v-), 
and  IV  (u+,  v-). 

The  results  were  very  revealing.  Typically,  the  ensemble-averaged  events 
were  strong,  and  rather  simple  in  shape  (see  Fig.  3).  In  particular,  it  should 
be  noted  that  the  u’  event  is  single-sided,  that  is,  it  is  either  positive  or 
negative.  In  contrast,  when  VITA  was  applied  to  the  u’  signal  (instead  of 
thresholding  on  u’v’),  the  event  was  doubled-sided,  as  Bhown  in  Fig.  4.  These 
results  suggest  that  VITA  detection  is  subject  to  ambiguity,  probably  caused  by 
the  superposition  of  twc  types  of  events  which  can  only  be  separately  identi¬ 
fied  by  using  quadrant  analysis. 

To  explain  the  concept,  consider  two  individual  u  events  detected  by  the 
shear  stress  criteria,  one  lying  in  quadrant  2  and  the  other  in  quadrant  4  of 
the  u-v  plane.  Both  are  single  sided  events.  It  is  possible  that  VITA 
detects  both  these  events  as  positive  by  checking  the  slope  at  their  centers. 

The  ensemble  average  of  these  two  events  would  be  a  two  sided  event.  Figure  5 
clarifies  the  concept.  Depending  on  exactly  where  the  VITA  technique  checks 
the  slope,  thse  events  could  have  been  picked  up  a  negative  events,  giving  a 
two  sided  negative  event.  This  may  explain  why  positive  and  negative  VITA 
events  are  nearly  mirror  reflections  of  each  other,  about  the  velocity  axis. 


The  quadrant  analysis  can  be  used  to  reveal  another  interesting  result.  The 
ensemble-averaged  events  in  each  quadrant  (as  shown,  for  example,  in  Fig.  3) 


plot  trajectories  in  the  u-v  plane.  Some  examples  of  these  loci  are  shown 
in  Fig.  6.  These  trajectories  will  be  compared  to  the  results  of  the  inviscid 
vortex  skeleton  model  calculations  described  under  Task  C.  The  probability 
density  of  the  shear  stress  in  the  u-v  plane  for  the  upstream  boundary  layer 
is  plotted  for  various  y /c^jin  Fig.  7.  There  is  a  definite  change  in  the 


character  of  the  probability  density  as  Y/^q  increases.  In  the  lower  regions 
of  the  boundary  layer  all  the  equi-probability  density  contours  are  shaped 
more  or  less  like  ellipses,  centered  around  the  origin  of  the  u-v  plane,  with 
the  major  axis  lying  in  quadrants  2  and  4  at  an  angle  to  the  u  axis.  As  y  /So 
increases,  the  major  axis  rotates  and  aligns  itself  with  the  u  axis.  The 
centers  of  the  equi-probability  density  contours  show  two  different  effects: 
the  higher  equi-probability  contour  centers  move  into  quadrant  4,  and  the 
remaining  contour  centers  move  into  quadrant  2.  This  behavior  of  the  equi- 
probability  contours  with  increasing  y/^does  not  change  within  the  interac¬ 
tion.  The  contribution  to  the  shear  stress  from  each  quadrant  and  the  frac¬ 
tional  residence  time  in  each  quadrant  is  shown  in  Figs.  8  and  9  respectively, 
for  various  x  positions.  It  is  seen  that  the  trend  in  the  fractional  contribu¬ 
tion  to  shear  stress  with  y  is  the  same  at  all  stations.  Lower  in  the 
boundary  layer,  contributions  from  quadrants  2  and  4  are  approximately  the 
same.  Higher  in  the  boundary  layer  the  contribution  from  quadrant  2  is 
larger,  even  though  the  fractional  residence  time  in  quadrant  2  is  smaller. 
This  implies  that  the  contributions  to  the  shear  stress  from  quadrant  2 
consists  of  more  intense  shorter  duration  peaks  in  uvf  This  same  conclusion 


can  be  drawn  from  the  "Hole  Analysis"  suggested  by  Lu  and  Willmarth  (1970), 
and  by  examining  the  probability  density  of  the  time  spent  above  a  certain 
threshold  shear  stress,  in  quadrants  2  and  4.  At  all  y/^0  there  is  a  finite 
negative  contribution  to  the  shear  stress  from  quadrants  1  and  3.  Hence,  the 
contributions  from  quadrants  2  and  4  add  up  to  more  than  the  tot£l  shear 
stress.  As  can  be  seen,  in  the  outer  part  of  the  boundary  layer,  the  contribu¬ 
tion  to  the  shear  stress  from  quadrant  2  alone  can  be  greater  than  the  time- 
averaged  shear  stress. 


c)  Conditionally-Sampled  Flow  Visualization 

We  have  continued  to  improve  our  flow  visualization  techniques.  In 
particular,  we  are  continuing  to  refine  a  method  of  conditionally  sampling 
schlieren  images  of  boundary  layer  structure  in  supersonic  flow.  In  this 
technique,  a  hot-wire  probe  is  used  to  detect  the  presence  of  strong,  large- 
scale  motions  by  using  a  real-time  analog  of  the  VITA  detection  method.  Upon 
detection,  a  light  source  is  flashed  to  record  a  microsecond  exposure  schlieren 
image  on  video  tape.  The  hot-wire  output  is  recorded  simultaneously  on  the  same 
video  frame,  and  a  typical  image  is  shown  in  Fig.  10.  The  image  was  recorded 
using  a  CCD  camera  with  linear  gain  so  that  the  intensity  can  be  linearly 
related  to  density  gradient,  and  images  can  be  added  to  get  an  ensemble- 
averaged  picture.  The  conditionally  sampled  nature  of  the  images  means  that  we 
record  only  large  events  which  are  in  the  plane  of  the  wire.  We  hope  this 
method  will  remove  the  spatial  integration  effect  of  schlieren  images.  Prelimi¬ 
nary  results  have  been  presented  by  Smith  and  Smite  (1986). 


We  have  recently  purchased  an  image  processing  system,  but  unfortunately 
some  minor  hardware  problems  have  been  experienced.  These  problems  have  been 
fixed  and  the  system  has  just  been  returned  from  the  manufacturer.  We  hope  to 
digitally  enhance  these  images  shortly  and  we  expect  that  the  processed  images 
will  be  even  clearer. 

We  have  recently  made  high  speed  (40K  frames/sec)  laser  schlieren  movies  of 
a  supersonic  boundary  layer  which  clearly  show  the  presence  of  strong  large- 
scale  motions  convecting  with  the  layer.  Figure  11  is  a  typical  sequence  of 
alternate  frames  taken  from  one  of  these  movies.  (The  camera  exposes  frames 
alternately  on  either  side  of  the  film.)  Although  it  is  possible  to  "thres¬ 
hold"  the  schlieren  images  so  that  only  the  very  strongest  structures  are 
detected,  the  spatial  integration  inherent  in  the  schlieren  technique  makes  it 
difficult  to  produce  convincing  images  of  individual  structures. 

One  way  around  this  may  be  to  photograph  laser  sheet  cross-sections  through 
smoke  or  some  other  light  scattering  medium  introduced  at  some  strategic  point 
in  the  flow.  Unfortunately,  a  conventional  continuous  laser  (e.g.  5  watt 
He-Ne)  does  not  have  nearly  enough  power  for  short-time  (e.g.  1 jj s)  exposure 
of  movie  film  (or  still  photographs)  from  light  scattered  from  particles.  A 
high  intensity  flashed  laser  light  source  is  required. 

We  are  awaiting  approval  of  the  Supplement  to  AFOSR  Grant  85-0126  dated 
December  31,  1986,  to  purchase  a  Plasma  Kinetics  copper  vapor  laser  to  provide 
this  light  source.  The  particular  laser  requested  has  an  average  power  output 
of  10  watt,  with  a  repetition  rate  of  10  kHz,  and  a  pulse  width  of  14  nanosec. 

This  light  source  will  make  it  possible  to  obtain  high  contrast,  freeze-frame 
pictures  of  supersonic  flow  structure  at  realistic  data  rates. 
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(d)  Future  work 

Work  is  continuing  on  the  search  for  new  and  improved  conditional  sampling 
techniques.  A  six-wire  probe  is  being  developed  to  provide  information  in  the 
spanwise  and  normal  directions  simultaneously.  We  are  awaiting  permission  to 
reallocate  $19,600  in  Contract  F49620-86-C-0094  from  salaries  to  the  equipment 
category  in  order  to  purchase  the  necessary  hot-wire  instrumentation.  Also 
included  in  the  reallocation  request  is  the  optics  for  laser  scanning  which 
will  improve  our  flow  visualization  capabilities.  We  hope  to  construct  the 
first  image-processed  pictures  of  boundary  layer  structures. 

TASK  B:  LONGITUDINAL  CURVATURE  EFFECTS  IN  TURBULENT  BOUNDARY  LAYERS 

This  task  is  an  experimental  investigation  of  the  distortion  and  relaxation 
of  an  initially  self-preserving  zero-pressure  gradient  subsonic  turbulent 
boundary  layer  (Re^  =  5700)  subjected  to  90°  of  strong  convex  curvature  (£o/R 
=  0.07).  The  study  provides  subsonic  zero-pressure  gradient  layer  measure¬ 
ments  (i.e.  upstream  of  the  curvature)  which  can  be  used  for  direct  comparison 
with  the  corresponding  measurements  in  the  supersonic  flow.  Also,  it  allows  us 
to  study  the  behavior  of  structural  parameters  subsequent  to  the  severe 
distortion  imposed  by  the  convex  curvature. 

In  the  earlier  work  of  Alving  and  Smits  (1986),  mean  flow  measurements  were 
used  to  investigate  the  influence  of  two  different  pressure  distributions  in 
the  region  of  curvature.  In  the  first  case,  the  two  walls  were  concentric  so 
that  the  boundary  layer  on  the  convex  wall  was  subjected  to  a  strong  acceler¬ 
ation  and  deceleration  within  the  bend.  In  the  second  case  the  effects  of 
pressure  gradient  were  minimized  by  contouring  the  outer  wall.  Suction  was 


applied  in  the  region  of  the  expansion  of  the  outer  wall  to  prevent  the 
boundary  layer  from  separating  in  the  adverse  pressure  gradient  (see  Fig.  12). 

For  both  cases  the  distorted  boundary  layer  experienced  several  stages  of 
recovery  on  the  flat  plate  downstream.  In  the  first  stage  of  recovery,  of 
length  around  25^  o,  the  effects  of  different  pressure  gradient  histories 
within  the  bend  were  found  to  be  significant.  However,  further  downstream,  in 
the  second  stage  of  recovery  only  the  long-lasting  effects  of  curvature 
remained.  Although  the  rate  of  recovery  slows  down,  Alving  and  Smits  found 
that  the  boundary  layer  appeared  to  overshoot  the  flat  plate  zero  pressure 
gradient  state. 

In  the  concentric  wall  case  the  outer  wall  boundary  layer  was  greatly 
thickened  and  began  to  interfere  with  the  test  wall  boundary  layer  at  a  point 
approximately  30  downstream  of  the  end  of  curvature.  Consequently  this 
case  has  not  been  studied  further. 

The  contoured  wall  case  has  been  subjected  to  further  refinement.  In 
particular,  the  strength  of  the  suction  has  been  carefully  tuned  so  that  the 
thickness  of  the  outer  wall  boundary  layer  is  minimized  at  the  exit  of  the 
bend.  This  provides  the  greatest  usable  length  of  the  test  section  without 
contamination  of  the  test  wall  boundary  layer.  More  uniformity  was  also 
observed  in  the  spanwise  skin  friction  distribution  (see  Fig.  13)  indicating  a 
substantially  two-dimensional  boundary  layer. 

A  complete  set  of  Reynolds  stress  measurements  were  presented  by  Alving, 
Watmuff  and  Smits  (1987).  The  dynamic  calibration  technique  was  adopted  for 
the  crossed-wire  probe  so  as  to  accurately  monitor  the  development  of  the 
internal  equilibrium  layer.  The  advantage  of  this  method  is  that  the  sensi- 
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tivities  to  both  velocity  components  are  determined  directly  without  the  need 
to  measure  wire  angles  or  assume  heat  transfer  laws.  The  method  is  based  on 
that  used  by  Watmuff  et  al.  (1983)  but  now  offers  several  improvements  includ¬ 
ing  reduced  calibration  running  time. 

The  turbulence  results  display  a  spectacular  recovery  behavior,  see  Figs. 
14(a )-(«/).  As  observed  by  Smits  et  al.  (1979)  the  shear  stress  in  the  outer 
part  of  the  layer  falls  to  very  low  values,  whereas  in  the  inner  region  a  peak 
appears  which  then  progresses  out  from  the  wall  further  downstream.  At  the 
furthest  downstream  stations,  the  rate  of  relaxation  of  all  turbulence  quanti¬ 
ties  becomes  very  slow,  and  their  behavior  is  very  similar.  Except  for  the 
first  station  in  the  recovery  region,  the  behavior  of  u’2,  v’2  and  w’2  follow 
that  shown  by  the  shear  stress.  Hence,  it  is  not  surprising  that  the  structure 
parameter  ai  =  -  u’v’/q2  relaxes  quickly  and  within  25  <To  downstream  of  the 
bend  the  profile  of  ai  is  almost  identical  to  that  observed  upstream  of  the 
bend.  In  contrast,  the  absolute  stress  levels  relsx  slowly.  For  example,  at 
the  furthest  downstream  station,  the  inner  half  of  the  layer  has  virtually 
constant  shear  stress,  and  this  observation  is  consistent  with  the  larger 
extent  of  the  logarithmic  variation  in  the  mean  velocity  profile  here.  It  is 
clear  that  the  relaxation  process  is  far  from  complete,  even  at  locations 
greater  than  9oiTo  from  the  exit  of  the  bend.  Thus  convex  curvature,  which  is 
considered  a  stabilizing  perturbation,  causes  strongly  increased  mixing  for 
large  distances  downstream  after  the  end  of  curvature.  This  seemingly  contra¬ 
dictory  result  is  similar  to  the  recovery  from  strong  concave  (destabilizing) 
curvature  observed  by  Smits  et  al.  (1979)  in  which  high  stress  levels  at  the 
exit  from  curvature  were  quickly  reduced  below  the  upstream  level. 


In  response  to  the  evolving  nature  of  this  research  task,  and  in  collabor¬ 


ation  with  the  contract  monitor,  we  have  developed  a  new  focus  for  Task 
B.  Instead  of  concentrating  on  Reynolds  stress  measurements  for  a  range  of 
curvature  parameters,  we  have  decided  that  it  is  more  profitable  to  focus  on 
the  measurement  of  structural  parameters.  This  approach  will  allow  a  better 
understanding  of  curvature  effects,  and  also  provide  a  direct  comparison  with 
the  supersonic  boundary  layer  results. 

Structure  angles  have  been  derived  from  the  space-time  correlation  of 
signals  from  two  normal  wires  (i.e.  the  technique  of  Spina  and  Smits  1986). 

The  results  for  the  upstream  boundary  layer  (see  Fig.  15)  show  that  the 
angle  lies  between  40  and  50  degrees  for  y/£><  0.5.  However,  the  angle 
increases  further  from  the  wall  and  reaches  a  value  around  60°  near  the  edge 
of  the  layer.  There  appears  to  be  a  consistent  increase  in  @  far  downstream 
which  may  be  related  to  the  new  equilibrium  state  observed  in  the  Reynolds 
stress  profiles.  This  may  imply  that  several  different  types  of  events  may  be 
contributing  to  the  space-time  correlation,  and  that  some  type  of  conditional 
sampling  will  probably  be  necessary  to  sort  out  the  influence  of  the  various 
types  of  events.  Work  is  continuing  in  this  area. 

TASK  C:  ANALYSIS  AND  CONTROL  OF  WALL-BOUNDED  VORTEX  LOOPS 

It  is  generally  accepted  that  the  structure  of  turbulent  boundary  layers 
can  be  described  in  terms  of  "hairpin"  or  "lambda"-shaped  vortex  loops.  This 
physical  model  seems  to  describe  equally  well  the  dynamics  of  small-  and  large 
scale  motions  (see,  for  example,  Head  4  Bandyophadyay,  1981,  Perry  and  Chong 
1982,  and  Smith,  1984).  The  interpretation  of  our  conditionally-sampled 


measurements  has  been  strongly  influenced  by  the  hairpin  loop  model,  and  to  aid 
this  interpretation  further  we  have  begun  to  investigate  the  behavior  of  simple 
wall-bounded  vortex  loops. 

The  loops  are  generated  by  a  a  lambda-shaped  wire  which  periodically  forces 
laminar,  vortical  fluid  away  from  the  wall  (see  Fig.  16).  By  controlling  their 
formation,  interactions  among  multiple  vortex  loops  can  be  studied.  The 
experiments  are  being  conducted  in  a  large  low-speed  smoke  tunnel  so  that 
simultaneous  flow-visualization  and  hot-wire  measurements  are  possible. 

The  nature  of  the  single  loops  is  illustrated  in  Figs.  17  and  18.  Figure  17 
shows  a  plan  view  of  the  loop,  indicating  the  characteristic  splaying  of  the 
legs  of  the  vortex,  and  the  omega-shaped  head.  Figure  18  shows  a  side  view, 
together  with  signals  proportional  to  u’  and  v',  as  measured  by  the  hot-wire 
probe  visible  on  the  left.  The  signals  are  similar  to  the  ensemble-averaged, 
second-quadrant  u’  and  v’  signals  shown  in  Fig.  3. 

Simple  analytical  models  have  been  developed  to  model  these  experimental 
vortex  loops  using  straight-line  vortex  filaments.  The  example  given  in  Fig.  19 
shows  a  simple  line  array  of  five  loops,  and  the  u'  and  v’  signals  corres¬ 
ponding  to  two  positions  are  shown  in  Fig.  20.  The  similarities  to  the  ensem¬ 
ble-averaged,  second-  and  fourth-quadrant  u’  and  v’  signals  shown  in  Fig. 

3  are  obvious.  The  loci  on  the  (u’ ^  v’)  plane  for  different  observers  are 
shown  in  Fig.  21,  and  there  are  some  interesting  comparisons  possible  with  the 
results  shown  in  Fig.  5. 

We  will  continue  to  use  the  vortex  loop  study  as  support  for  the  interpre¬ 
tation  of  our  conditionally  sampled  measurements.  We  will  begin  with  the  study 
of  interacting  loops.  We  have  already  performed  some  preliminary  work  to 


examine  vortex  pairing  by  generating  two  different  strength  vortex  loops 
down  the  center  of  the  tunnel.  This  work  was  presented  by  Donovan  et  al. 
(1986). 

Impact  of  A.  J.  Smits  Sabbatical:  From  February  17,  1987  to  August  15,  1987 
the  principal  investigator,  A.  J.  Smits,  will  be  on  sabbatical  at  the  Institut 
Mecanique  Statistique  de  la  Turbulence  at  Marseille,  France. 
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Fig.  1.  Structure  angle  deduced  from  space-time  correlation  measurements  in 
an  adverse  pressure  gradient  supersonic  boundary  layer. 


TIME  (SECONDS)  *10'8 


C W6 . DAT ; 2 1 

LONG  TIME  MEAN  SUBTRACTED  FROM  ORTR  l  B ORTR  NORMALIZED  BT  RMS  OF  SIGNAL 
•1096  POINTS  FROM  TME  2  TH.  WRITTEN  RECORD.  OF  THE  1 TH.  5RMPLE0  RECORD. 


Signals  of  u'v\  v’  and  u’  deduced  from  the  output  of  a 
crossed-wire  in  aero  pressure  gradient  supersonic  boundary  layer 
at  y/  6  =  0.65. 


Ensemble-averajfed  events  based  on  threshold  detection  applied  to 
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Fig.  4.  Ensemble-averaged  event  based  on  VITA 
at  y/6  =  0.65. 
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Fig.  5.  A  possible  explanation  as  to  the  difference  between  ensemble  averages 

obtained  by  the  VITA  technique  and  by  threshold  criteria  applied  to  the 
shear  stress. 


Fig.  7.  Variation  with  wall  distance  of  equi-probability  contours  of  u’v’  in 

the  u-v  plane  for  a  zero  pressure  gradient  turbulent  boundary  laye 
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Microsecond  schlieren  video  image  of  zero  pressure  gradient 
supersonic  boundary  layer.  The  hot-wire  probe  is  on  the  left,  and 
the  corresponding  signal  is  shown  near  the  bottom  of  the  picture. 
The  time  scale  corresponds  approximately  to  the  length  scale  of  the 
picture. 
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Fiji.  11.  Alternate  frames  from  a  40K  frame/aec  laser  schlieren  movie  of  a 

supersonic  turbulent  boundary  layer.  Note  convection  of  large-scale 
motions  from  right-to-left. 
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Schematic  of  subsonic  curved  wall  experiment,  showing  detail  of  the 
contoured  outer  wall. 
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Fig.  13.  Spanwise  skin  friction  variation.  Measurementws  taken  at  s  :  3.00  m 
(a)  previous  results  with  no  sidewall  boundary  layer  control,  (b) 
previous  results  with  sidewall  jets  within  bend,  (c)  present  results, 
with  sidewall  jets. 


Fig.  17 .  Plan  view  of  single  loop.  Flow  iB  from  right  to  left. 


Side  view  of  single  loop,  showing  signals  recorded  by  hot-wire  probe 


